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Abstract 
Abundance of oxidants is a common cause of DNA base oxidation. If not 
being repaired efficiently, mutation, which causes cancer, neurological diseases, and 
aging may occur. Among the four bases, guanine has the highest oxidation potential. 
Oxidation of guanine can lead to mutagenic lesions such as 7-hydro-8-oxoguanine 
(oG). Upon further oxidation, a more mutagenic lesion, spiroiminodihydantoin (Sp), 
can be resulted. This lesion has been shown to lead to a high propensity of 1-base 
pair deletion during DNA replication. In this study, NMR structural investigations 
were performed to determine the replicating site structures of DNA primer-template 
models with a 5'-GG, 5'-G(oG), 5'-G(Sp), 5'-T(oG) and 5'-T(Sp) template, 
respectively. These models mimic the situation that the downstream G of the 
template has been oxidized to oG or hyperoxidized to Sp. Our results show that upon 
incorporation of a dCTP, misalignment occurs only in the 5'-G(Sp) template but not 
in 5'-GG and 5'-G(oG) templates. In addition, misalignment was found to occur in a 
5'-T(Sp) template but not in 5'-T(oG) upon incorporation of a dATP. These 
structural results provide insights into the observed differences in mutagenicity of oG 
and Sp during DNA replication. 
This thesis describes the above in details. In order to facilitate a better 
understanding of this work, this thesis is divided into six chapters. Chapter One 
introduces the significance, literature survey and background of oxidized and 
hyperoxidized lesions. Chapter Two describes the experimental design used to 
retrieve structural information. Chapter Three shows the results of HPLC, NMR and 
UV analysis. Chapter Four reveals that Sp leads to misaligned structures but not in 
the case of oG. Chapter Five reports the results and analysis of structural 
x v i i 
calculations, which visualized the primer-template structures and substantiates the 
findings in Chapter Four. Chapter Six concludes the findings of this work and 
proposes further investigation be done to further probe into the effect of Sp on DNA 
replication. 
Some of the results in this thesis have been reported in the following peer-
reviewed journal: 
Fenn, D., Chi，L. M., Lam, S. L. (2008) Effect of hyperoxidized guanine on DNA 
primer-template structures: Spiroiminodihydantoin leads to strand slippage, FEES 
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Fenn, D.，Chi, L. M.，Lam, S. L. (2008) Effect of hyperoxidized guanine on DNA 
primer-template structures: Spiroiminodihydantoin leads to strand slippage, FEES 
Lett. 582�4169-4175. 
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Chapter One: Introduction 
LI Oxidation and Hyperoxidation of Guanine 
Oxidative base damage is commonly caused by abundant endogenously and 
exogenously generated reactive oxygen species (7). Among the four common DNA 
nucleobases as shown in Figure 1.1, namely, adenine (A), thymine (T), guanine (G) 
and cytosine (C), G has the lowest reduction potential (2), which makes it vulnerable 
to oxidation to 7-hydro-8-oxoguanine (oG), as the major product. oG has been 
considered to be responsible for G.C—T.A transversion (3) and frameshift mutations 
( 0 . Comparing with G, oG has an even lower reduction potential (5). Table 1.1 
shows the reduction potential of these nucleosides. 
H 0 H \ / H , 0 H _ / H O o 
M H “ H H " H 
H^ O, R 叫 O R NHj 
Adenine (A) Thymine (T) Guanine (G) Cytosine (C) 7-hydro-8-oxoguanine (oG) 
Figure 1.1 Chemical structures of four common nucleobases and oG. 
Table 1.1 Reduction potential of nucleosides. 
Nucleoside G A C T oG 
E° (V) 1.29 1.42 1.6 1.7 0.74 
Owing to efficient charge transfer across DNA strand (6, 7), oG is susceptible 
to further oxidation, resulting in a series of lesions such as spiroiminodihydantoin 
(Sp), guanidinohydantoin, iminoallantoin, urea, oxaluric acid, parabanic acid, 4-
hydroxy-2,5-dioxo-imidazolidine-4-carboxylic acid, 2,4,6-trioxo[l,3,5]triazinane-l-
carboxamidine, cyanuric acid and dehydroguanidinohydantoin ((5). These lesions 
have been shown to be more mutagenic than oG (3). 
For better acquaintance of mutagenicity, a brief description of DNA 
replication and mutagenesis will be introduced in Section 1.2 and 1.3, respectively. 
1.2 DNA Replication 
DNA is the conveyor of genetic information across generations in most living 
organisms. It stores genetic materials and controls body functions. 
Continuous replenishment of genetic materials by DNA replication is 
essential for the survival of organisms and inheritance of species. During replication, 
double-stranded DNA will be unwound by helicase into two single strands. DNA 
polymerase replicates DNA by the incorporation of complementary base of the 
template in a 5' to 3 ' direction (Figure 1.2). However, errors in replication can 
occur and may lead to mutations. 








Figure 1 2 A simplified scheme showing how DNA replication occurs. 
2 
1.3 Mutagenesis 
Mutagenesis occurs when there are alternations of genes. This is important 
for fitness, survival and evolution of cell (9) and species {10). In the contrary, it can 
lead to miscoding or loss of genetic information that may cause diseases, cancers and 
aging (7, 11) if not repaired. Mutation can be spontaneous, caused by replication 
error and DNA damage. 
Replication errors such as misincorporation of bases and substrates 
misalignment which may lead to transversion mutation and base insertion or deletion 
error, respectively (72). Chemical or physical agents such as reactive oxygen 
species, ionizing and ultraviolet radiations can induce DNA damage. In particular, 
reactive oxygen species lead to oxidation, which causes strand cleavage and base 
oxidation {13). 
Base oxidation of G and oG leads to Sp (Figure 1.3), which has been shown 
to be more mutagenic than oG (14-16). To gain knowledge of Sp, literature survey 
has been carried out and the information has been summarized in Section 1.4. 
R O 
Spiroiminodihydantoin (Sp) 
Figure 1.3 Chemical structure of spiroiminodihydantoin. 
Spiroiminodihydantoin (Sp) 
Figure 1A Chemical structures of the two diastereoisomers of 
spiroiminodihydantoin. 
1.4 Literature Survey on Spiroiminodihydantoin (Sp) 
Sp blocks replication, leads to G C—>^C G/T A transversions (14-16) and has a 
high propensity of 1-base pair deletion (77). Sp can be formed from oxidation of oG 
or hyperoxidation of G by various metals ions such as iridium {18, 19), copper (20), 
iron {18, 20), chromium {21-25), ionizing radiations (75), or radical ions including 
oxygen {8\ carbonate {26, 27), superoxide {28) and peroxynitrite (29). In addition, 
accumulation of Sp in the presence of hexavalent chromium has been reported in vivo 
(30), suggesting the important role of Sp in chromium toxification. It is also found 
that high pH (pH>7) (19, 31) and higher temperatures (19) can promote the 
formation of Sp. Sp exists in two diastereoisomeric forms, namely Sp R md Sp S 
(Figure 1.4). They have been separated (16) and assigned with optical rotatory 
dispersion (32) and NMR methods (33). The perpendicular arrangement of the two 
rings has made possible to diastereoisomeric specificity (34), which has been 
demonstrated by numerous enzymatic studies {14, 17, 35). Diastereoisomers of Sp is 
also named according to the order of elution in anion exchange HPLC. The first and 
next eluted Sp are Spl and Sp2, respectively. 
0 0 O O 
Recent circular dichroism and thermodynamic stability studies have revealed 
that Sp does not alter the global conformation of B-DNA but significantly lowers the 
thermodynamic stability of the double-helix {16, 36). A computational study has 
predicted the adverse impact of Sp to base stacking and Watson-Crick hydrogen 
bonding which leads to groove widening (37). In addition, it suggests that Sp is 
energetically preferred to be positioned in the major groove. At nucleoside level, the 
glycosidic angle of Sp has been found to be more restricted than its precursor 
guanosine (38). Yet no structural information at individual nucleotide level of DNA 
containing Sp from high-resolution NMR spectroscopy and x-ray crystallography has 
been obtained. 
1.5 Purpose of This Work 
During DNA replication, the presence of lesions slows or stalls the actions of 
polymerases (39-46). However, in the presence of low fidelity DNA polymerase, the 
formation and accommodation of a misaligned primer-template with a single 
nucleotide bulge in the loose active site are possible (47). Thus, DNA replication can 
continue and deletion error due to strand slippage can occur (48-53). Recently, 
misaligned structures have been found to occur at replicating sites of pyrimidine 
templates (54-56). Hitherto whether purine, oG and Sp lesions can bring about 
misaligned primer-template structures remain elusive. 
To understand the effect of oG or Sp on replicating site, this work focuses on 
studying the primer-template structure containing a 5'-G(X) (where X = G, oG and 
Sp) and 5'-T(Y) (where Y = oG and Sp) template upon the incorporation dCTP and 
dATP, respectively using high-resolution NMR and UV spectroscopy. 
To have a better understanding of this work, fundamental information on 
DNA structures will be introduced in Section 1.6. 
1.6 DNA structure 
1.6,1 Nomenclature 
DNA is a biopolymer made up of monomers called nucleotides joined by 
phosphodiester linkage. Each nucleotide contains a phosphate group, sugar ring 
which forms a sugar-phosphate backbone and a nitrogenous base. The four bases 
(Figure 1.5) can be categorized as purine consisting of A and G, and pyrimidine 
consisting of C and T. A and G usually form base pair with T and C, respectively. 
3 h 
m 一 7 6 / \ / m \ R 
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e o / / / R 
Adenine (A) Thymine (T) 
H42 
M7 p6 …-H41—N4 H5 � 8 - \ / \ / \ C5—C6 C4—C5 
N 9 � c f \ l 1 — C 6 — H 6 
r Z \ — / \ / 
N3—C2 ,C2一N1 
\ 1/ \ N2一H21---02 R 
/ H22 
Guanine (G) Cytosine (C) 
Figure 1.5 Atom numbering of A and T, G and C in Watson-Crick base pairing 
mode. 
1.6.2 Torsion Angles 
Conformations of DNA are described by torsions angles (Figure 1.6a). 
Torsion angles are defined by holding the front bond in zero positions (57) (Figure 
1.6b). The notations for the description of torsion angles in DNA are a , (3, 丫，8, e, J；, 
Vi, 1^ 4, and X, respectively. Glycosidic torsion angle is described by x-
6 
-150° I +150° 
anti 
Figure 1.6 (a) Representation of a fragment of DNA and the torsion angles of 
backbone (a, (3, y, 6, 8 and glycosidic bond (x) and sugar pucker (Vo, ui, ds 
and iM). (b) Relationship of terminologies and torsion angles. 
1,6,3 Sugar Pucker Conformation 
The sugar ring conformation is described by the torsion angles (u。，1^2,1)3 
and ”4), the phase angle of pseudorotation (P) and the puckering amplitude (如). 
North (N) and South (S)-type conformations are characterized by P = 0° ± 90° and 
180° ± 90°, respectively. In DNA, P values for N-type and S-Type are usually in the 
range of 0° to 36° and 126° to -144°, respectively. They are denoted in 'd ' in Figure 
1.7a. It is also suggested that the energy difference between the two conformation is 
rather small in free state {58), the interconversion barrier is probably low (8-13 kJ) 
and the lifetime of the two states are less than 1 ns (59). In solution, both conformers 
in dynamic equilibrium have been observed (55). Thereby, percentage S-type 
conformers (%S) have been used to describe the sugar pucker conformation. 
Base 
Base 
Figure 1.7 (a) Representation showing the relationship between phase angle 
of pseudorotation (P) and the endo and exo notation. The white and grey regions 
show the P value where sugar pucker is in N and S-state, respectively. The regions 
denoted by 'd ' shows the range of phase angle of pseudorotation that is usually found 
in DNA when it is in N or S-state. Representations of (b) C3'-endo and (c) C2'-endo 
sugar pucker conformation. 
in physiological 
(6/) . A- and Z-
L 6,4 Secondary Structures of DNA 
B-form DNA is the most stable double helical form 
conditions {60) and is preferably formed under humid conditions 
form DNA have also been observed in less humid conditions (67). In B-DNA, B, 
and Bj, conformation states have been observed. Backbone conformation is 
described in terms of %Bi, which represents percentage of these two states. Table 1.2 
shows the backbone torsion angles of Bj and B„ conformations (62). 
a P 8 
Bi -gauche trans trans -gauche 
Bii -gauche trans -gauche trans 
In addition to the above forms, DNA also exists in other secondary structures 
such as bulge, random coil, hairpin {63), quadruplex {64) and triplex (65). Backbone 
torsion angles and sugar pucker conformation of A, B and Z-form DNA (66) are 
shown in Table 1.3. 
Table 1.3 Backbone torsion angles and sugar pucker conformations of A, B and 
Z-form DNA. 
Form a P Y 6 e 5 X Sugar pucker 
B -65 167 51 129 -157 -120 -103 C2'-endo 
A -73 173 64 78 -151 -77 -165 C3’-endo 
Z 48 179 -170 100 -104 -69 67 C3'-endo 
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Chapter Two: Materials and Methodology 
2.1 Sample Design 
To study the effect of oG and Sp lesions on the replicating site structures, 
NMR and UV investigations of primer-template models with a 5'-GX (where X = G, 
oG or Sp) or 5'-TY (where Y = oG or Sp) template (Figure 2.1) were performed in 
this study. 
Five DNA samples were designed to form a hairpin with a 5'-GAA loop 
which connects the top (primer) and bottom (template) strands, respectively (Figure 
2.1). In these samples, one mimics the situation in which a dCTP has just been 
incorporated into a 5 '-GG template and the other two mimic the same situation with 
the downstream G oxidized to oG, or hyperoxidized to Sp. Others were designed to 
mimic the situation in which a dATP has just been incorporated into a 5'-TG 
template with the downstream G oxidized to oG, or hyperoxidized to Sp (Figure 2.1). 




dCTP-. A d A T P 、 A 
^ n IS. n n � - _ _ G A G C 、 G A G C 
5 ' - A C A G X C T C G ^ 5 ' - A C A T Y C T C G 八 
G G 
upstream downstream 
X = G / oG / Sp Y = oG / Sp 
Figure 2.1 Design of the primer-template models used in this study. 
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2.2 Sample Preparation 
2.2.1 DNA Synthesis and Purification 
5'-GG, 5'-G(oG) and 5'-T(oG) were synthesized using an Applied 
Biosystems model 394 DNA synthesizer. For 5'-G(oG) and 5'-T(oG), the final 
deprotection step was performed at 55 °C for 16 hours in concentrated ammonium 
hydroxide solution containing 0.25 M p-merceptoethanol. All three samples were 
purified using denaturing polyacrylamide gel electrophoresis and DEAE Sephacel 
anion exchange column chromatography. 
To prepare 5'-G(Sp) and 5'-T(Sp), 12 \jlM purified 5'-G(oG) and 5'-T(oG) 
were oxidized, respectively, in 25 mL of solution containing 175 \iM Na2lrCl6, 100 
mM NaCl and 10 mM NaPi (pH 9.0) at 90 for one hour. The reaction was 
quenched by adding 1 mM EDTA and cooled in an ice-water bath. Iridium and 
EDTA were then removed using DEAE Sephacel column chromatography. For each 
sample, this oxidation reaction was repeated for at least 11 times in order to obtain 
sufficient sample quantities for NMR analysis. 
2.2.2 HPLC Separation 
Attempts to separate the Spl and Sp2 diastereoisomers of 5'-G(Sp) and 5'-
T(Sp) were carried out using anion-exchange HPLC with a Dionex DNAPac PA-100 
column using a binary mobile phase containing 40 to 60% 1.5 M ammonium acetate 
buffer solution (pH 7) and 10 to 30% acetonitrile with isocratic elution at 5 ml/min. 
The molecular weights of the final products were determined by MALDI-TOF MS. 
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223 NMR Samples Preparation 
NMR samples were prepared by dissolving 0.50, 0.42，0.85, 0.50, 0.33 and 
0.27 ^imol of purified 5'-GG, 5'-G(oG), 5'-G(Sp), 5'-T(oG), 5'-T(Spl) and 5'-
T(Sp2), respectively into 500 |iL of buffer solution containing 150 mM NaCl, 10 
mM NaPi (pH 7.0), and 0.1 mM DSS. 
2.3 NMR Analysis 
NMR has been considered as a powerful tool for structural and dynamic 
studies of nucleic acids. Sequential resonance assignments can be obtained from 
homonuclear 2D NOESY experiment, and knowledge on the chemical structure {67). 
Structural information such as secondary structures, Watson-Crick base pair 
formation, sugar pucker and backbone conformation can then be extracted. These 
findings would help us to gain insight on the role and behaviour of nucleic acids in 
physiological conditions. 
Figure 2.2 shows a typical homonuclear 2D NMR spectrum showing the 
specific proton regions. Region (a) is the fingerprint Hl ' -H6/H8 region, where the 
sequential resonance assignments were performed using a 2D NOESY spectrum. 
Region (b) is the H41/H42/H2-H3/H1 region, of which imino protons involved in 
Watson-Crick base pairs were assigned using a 2D WATERGATE-NOESY 
spectrum. Region (c) is the H2' /H2' ' -H1' region, where sugar pucker conformation 
of different nucleotides were extracted using a DQF-COSY spectrum. 
1 2 
2 ppm 
Figure 2.2 A typical homonuclear ^H 2D NMR spectrum showing the specific 
proton regions. Sequential resonance assignments were performed in the (a) 
fingerprint Hl '-H6/H8 region using a 2D NOESY spectrum. Imino protons involved 
in Watson-Crick base pairs were assigned in the (b) H41/H42/H2-H3/H1 region 
using a 2D WATERGATE-NOESY spectrum. Sugar pucker conformation was 
extracted from (c) H27H2"-H1 ‘ region using a 2D DQF-COSY spectrum. 
In this work, all NMR experiments were performed using either a Bruker 
ARX-500 or AV-500 spectrometer operating at 500.13 and 500.30 MHz, 
respectively. The data were acquired at 25 °C unless stated otherwise. 
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2,3A Resonance Assignment 
2,3,1.1 Proton 
For studying and assigning labile proton resonance signals, such as imino and 
amino protons, the samples were prepared in a 90% H20/10% D2O buffer solution. 
ID imino proton spectra were acquired using the WATERGATE {68, 69), and jump-
return (JO) pulse sequences. 2D WATERGATE-NOESY and jump-return NOESY 
experiments were performed with a mixing time of 300 ms. For studying nonlabile 
proton signals, such as aromatic and sugar protons, the solvent was exchanged with a 
100% D2O solution. 2D NOESY experiments were performed with mixing times of 
100, 200 and 300 ms, respectively, and 4K x 512 data sets were collected. To better 
observe and resolve some labile and nonlabile signals, some of the above 
experiments were repeated at various temperatures. In addition, 2D TOCSY with 
mixing time of 75 ms and 2D DQF-COSY experiments were conducted. In general, 
the acquired data were processed with zero-filling and a cosine window function to 
give 4K X 4K spectra. 
Aromatic protons and H I ' signals were assigned by the sequential 
connectivity of inter and intra-nucleotide NOEs along the DNA strand in the 
aromatic proton-Hl' fingerprint region of the NOESY spectrum (Figure 2.3a). The 
observation of an NOE shows the through-space correlation such that the distance 
between the two spins is around or less than 5 A (Figure 2.3b). Based on the H I ' 
assignment, H27H2'7H3'/H4' signals were assigned by through-bond correlation 




• intra-nucleotide NOE 
• inter-nucleotide NOE 
Figure 2.3 Schematic diagrams showing (a) sequential resonance assignment 
along intra and inter-nucleotide NOEs in HI '-H6/H8 region indicating (b) that the 
respective protons are close in space. 
In 2D WATERGATE-NOESY spectra, imino and amino protons of guanine 
and cytosine, respectively involved in Watson-Crick base pairing, can be assigned by 
the observation of NOE cross peak between C-H5 and C-H4, C-H41 and G-Hl 
(Figure 2.4) while imino protons of thymine which were involved in Watson-Crick 
base pairing, can be assigned by the observation of NOE between T-H3 and A-H2. 
(Figure 2.4) 
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H 3 H 1 Guanine (G) Cytosine (C) 
• 參 NOE 
Figure 2.4 Schematic diagrams showing the assignment of T-H3 and G-Hl by 
observation o f N O E s with its respective A-H2 and C-H41 in H41/H2-H1/H3 region. 
2,3 A,2 Phosphorous 
To investigate the backbone conformation, ^'P signals were assigned using 
2D TOCSY and HSQC spectra (Figure 2.5a). The 'H and ^'P spectral widths 
of the HSQC experiments were set to 11 and 3 ppm, respectively, and 4K x 256 data 
sets were collected. Zero-filling, baseline correction and cosine bell window 
function were applied to generate a 2K x 2K data matrix. ^'P chemical shifts were 
indirectly referenced to DSS using the derived nucleus-specific ratio of 0.404808636 
(57). Phosphorous signals were assigned using 'H-""? HSQC spectrum by cross 



















Figure 2.5 (a) 2D ^H-^^P HSQC and TOCSY spectra of 5'-GG at 2 5 � C showing 
the assignment of ^'P signals, (b) Schematic diagram showing the through-bond 
correlation between H3' and P. 
2,3,2 Sugar Pucker Conformation 
21 ' has been shown to be a marker for the percentage population of N or S-
state conformer (59). S T is defined as 
(2.1) 
The coupling constants of pure N and S-type conformers are 9.4 Hz and 15.7 
Hz, respectively. Percentage S-type conformer can be approximated with the 
following formula (59): 
%S = (21 ' -9 .4) / (15.7-9 .4)xl00% (2.2) 
To determine the sugar pucker conformation, DQF-COSY experiments were 
performed. A sine window function was used and the data were zero-filled to 16K x 
1 7 
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16K for vicinal proton-proton coupling measurements. 21 ‘ was extracted from HI 















6.08 6.06 6.04 6.02 6.00 ppm 
H1， 
Figure 2.6 2D DQF-COSY spectrum showing how 21 ‘ was being extracted. 
2.3J Backbone Conformation 
Fractional populations of backbone conformation B! and Bn states can be 
estimated from (77) from the following equation: 
^ J f f y p (observed) J 
7 
//3' 〔-190。广 /瞎(-105 (2.3) 
where ^Jh3'p(-105°) and %3'p(-190°) are 10.0 Hz and 1.3 Hz, respectively. 
”h3'p(105�) and ”h3'p(-190°) are the approximated�Jh3’p for the Bn and B! 
state (71-73), where average e torsion angle are - 1 0 5 � a n d - 1 9 0 � f r o m crystal 
structure data, respectively (74). 
To investigate backbone conformation, 2D COSY experiments with a 
Gaussian inversion pulse centered at the H3 ‘ region were also performed and 4K x 
160 data sets were collected. The ^^P dimension was extended to 256 data points by 
18 





5.08 5.06 5.04 5.02 
H3' 
ppm 
Figure 2.7 2D COSY spectrum showing how V h 3 ’ p was being extracted. 
2.4 UV Melting Analysis 
Secondary structure of DNA plays an important role in cellular process. 
Thermodynamic stability reveals the stability of DNA secondary structure and 
hybridization. In general, this is achieved by observation of the melting of nucleic 
acid from its secondary structure to its single-stranded state by ultraviolet 
spectroscopy (75), circular dichroism (75) and differential scanning calorimetry (76). 
In this work, UV melting has been employed for thermodynamic stability 
studies. UV absorbance data at 280 run were measured versus temperatures from 25 
to 90 °C at a heating rate of 0.8 °C/min using a HP 8453 Diode-Array UV-Vis 
spectrophotometer. The DNA sample concentrations were kept at 3.2 ^iM in 10 mM 
NaPi buffer solution (pH 7.0) and a 10 mm path length cuvette was used. 
Thermodynamic parameters were determined from the melting curves using the 
1 9 
software MELTWIN version 3.5 (available from Jeffrey A. McDowell at 
www.meltwin.com). 
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Chapter Three: HPLC，NMR and UVResults 
3.1 HPL C Separation of Sp Diastereoisomers 
As described in Section 1.4，Sp exists in two forms of diastereoisomers. The 
presence of Sp diastereoisomers complicated the sample preparative work and NMR 
analysis in this study. We attempted to separate the two isomers of 5'-G(Sp), 5'-
T(Sp) and some other sequences containing Spl and Sp2 by anion exchange HPLC. 
However, not all the separations were successful (Figure 3.1). Our results have 
revealed that the optimized elution profile and the resolving power of this method 
depend on the sequence context, as also observed in other studies {14, 16, 17). The 
identities of 5 '-GG, 5'-G(oG), 5'-G(Sp) and 5'-T(Sp) have been confirmed by 




5’-ACA G(Sp)C TCA GAA CGA GC-3' 
Flow rate: 5 mL/min 
Mobile phase: 
30% acetonitrile 
40% 1.5 M ammonium acetate 
Sp1+Sp2 
0 5 10 15 20 25 30 35 min 
(b) 
1 nmol 
5'-ACA T(Sp)C TCG GAA CGA GA-3’ 
Flow rate: 5 mL/min 
Mobile phase: 
10% acetonitrile 
60% 1.5 M ammonium acetate 
(C) 
(i) 1 nmol 
5’-CTG (Sp)CG GAA CGA CAG-3' 
Flow rate: 5 mL/min 
Mobile phase: 
30% acetonitrile 
40% 1.5 M ammonium acetate 
0 10 20 30 40 m m 
S P l / \ s p 2 
0 5 10 15 20 25 min 
(ii) 1 nmol 
5’-CTG (Sp)CG GAA C G C CAG-3' 
Flow rate: 10 mL/min 
Mobile phase: 
10% acetonitrile 
55% 1.5 M ammonium acetate 
Spil l hSp2 
6 8 10 12 min 
(iii) 1 nmol 
5,-CGC ATC G(Sp)C AGT CGG-3, 
Flow rate: 10 mL/min 
Mobile phase: 
10% acetonitrile 





6 8 10 12 min 
Figure 3.1 HPLC chromatograms of (a) 5 :G(Sp) , (b) 5'-T(Sp), and (c) other 














Sequence = 5'-ACA GGC TCG GAA CGA GC-3， 
Calculated [M-H]- = 5228.5 Da 
5,-G(oG) 
Sequence = 5,-ACA G(oG)C TCG GAA CGA GC-3' 
Calculated [M-H]- = 5244.5 Da 
5'-G(Sp) 
Sequence = 5'-ACA G(Sp)C TCG GAA CGA GC-3' 
Calculated [M-H]- = 5260.5 Da 
5,-T(Sp) 
Sequence = 5'ACAT(Sp)C TCG GAA CGA GA-3' 
Calculated [M-H]- = 5259.5 Da 
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3.2 NMR Resonance Assignments 
NMR resonance assignments were crucial before structural analysis based on 
NMR data. This section summarizes the assignment results of all primer-template 
models. 
3.2,1 5'-GG Sample 
The aromatic proton and HI ' signals were sequentially assigned at 25 °C 
(Figure 3.3). 
7.7 7.6 7.5 7.4 7.3 ppm 
Figure 3.3 NOE sequential assignment of 5'-GG template after incorporation of 
dCTP: aromatic proton and HI ‘ signals at 25 °C. 
The imino proton signals of T7, G14, G16, G5 and G9, and the amino proton 
signals of C8, C13, C6 and C17 were assigned using WATERGATE-NOESY 




















14.0 13.5 ppm 8.5 8.0 7.5 7.0 ppm 
Figure 3.4 NOE resonance assignment of 5'-GG template after incorporation of 
dCTP: imino proton signals at 5 °C. 
The signals of sugar H27H2" and the backbone phosphorous connected to 
the 3 '-end of the nucleotide of all and to 16*卜 nucleotides were assigned using 
DQF-COSY (Figure 3.5a) and HSQC spectra (Figure 3.5b), respectively. 
2 5 
Figure 3.5 (a) The H r - H 2 7 H 2 " region of DQF-COSY and (b) HSQC 
spectra of 5'-GG at 25 °C showing the assignments of the signals of the sugar 
H2' /H2" and the backbone phosphate connected to the 3'-end of the nucleotide, 
respectively. 
3.2.2 y-G(oG) Sample 
The sequential assignments of the aromatic protons and H I ' signals were 
shown in the NOESY spectrum at 25 °C (Figure 3.6). No sequential connectivity 
was found for oG5 because oG does not contain an aromatic proton. In Figure 3.6， 
two conformers were observed. From the peak integrals of A3 H8 and G4 H8 in the 
ID proton spectra (Figure 3.7), the major conformer was estimated to have a 70-80% 
population. Since most of the signals observed in the NOESY fingerprint region 
were quite close to those of the major conformer, possessed broader line-width, the 
minor conformer probably adopted a homoduplex structure. 
2 6 
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Figure 3.6 NOE sequential assignment of 5'-G(oG) template after incorporation 
of dCTP: aromatic proton and HI ‘ signals at 25 °C. 
A3 
C6(minor) 
A 3 ( m i _ g 4 G4(minor) C 6 / T7(minor) 
K / 1 V T 7 I 丄 
TTTT 
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 ppm 
Figure 3.7 ID aromatic proton region of 5'-G(oG) before (bottom), and after 
(top) increasing salt and DNA concentrations. The increase in peak intensities of the 
minor conformer and the broader line-widths suggest the minor conformer is a 
homoduplex. 
Imino proton signals of T7, G14, G16, oG5 and G9, and amino proton signals 
o f C 8 , C13, C6 and C17 were assigned using WATERGATE-NOESY spectrum at 5 
� C (Figure 3.8). 
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(a) ppm (b) ppm 
g- -4.0 
-3.5 
6.2 6.0 5.8 5.6 5.4 5.2 ppm 
HV 
-3.0 
5.0 4.9 4.8 4.7 ppm 
H3, 
Figure 3.9 (a) The H1 ' -H27H2' ' region of DQF-COSY and (b) HSQC 
spectra of 5'-G(oG) at 25 °C showing the assignments of the signals of the sugar 












Figure 3.8 (a) NOE resonance assignment of 5'-G(oG) template after 
incorporation of dCTP: imino proton signals at 5 °C. (b) Imino-C17 amino proton 
NOEs at 5 indicate the presence of the C17-oG5 Watson-Crick base pair in 5'-
G(oG). 
Similar to 5 '-GG sample, the signals of the sugar H 2 7 H 2 " and the backbone 
phosphorous connected to the 3'-end of the nucleotide of all and to 










3,2.3 5'-G(Sp) Sample 
Although the separation of the two isomers of 5'-G(Sp) was not successful 
(Section 3.1), we were able to obtain a purified 5'-G(Sp) sample and two samples 
containing Spl and Sp2 as major species, respectively. Therefore, we proceeded to 
NMR analysis. Resonance signals belonging to Spl and Sp2 diastereoisomers were 
resolved and identified in the 2D NOESY fingerprint region (Figure 3.10). The 
aromatic protons and HI ' signals were sequentially assigned at 25 °C. Similar to 5'-
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7:9 7:8 7:7 7:6 7:5 7:4 7:3 ppm 
Figure 3.10 NOE sequential assignment of 5'-G(Sp) template after incorporation 
of dCTP: aromatic proton and H I ' signals at 25 °C. The red and blue lines 









14 13 ppm 8.5 8.0 7.5 7.0 ppm 
Figure 3.11 NOE resonance assignment of 5'-G(Sp) template after incorporation 
of dCTP: imino proton signals at 5 °C. The red and blue lines correspond to Spl and 
Sp2 diastereoisomers, respectively. 
The signals of the sugar H 2 7 H 2 " and the backbone phosphorous connected 
to the 3'-end of the nucleotide of all and to nucleotides were assigned using 
DQF-COSY (Figure 3.12a) and HSQC (Figure 3.12b), respectively. 
3 0 
The imino proton signals of T7, G14, G16, G4 and G9, and the amino proton 
signals of C8, C13, C6 and C17 were assigned using WATERGATE-NOESY 
spectrum at 5 °C (Figure 3.11). 
0 1 4 ^ 9 
T7 vG4 
ppm j U U u L . 人 
6.2 6.0 5.8 5.6 5.4 5.2 ppm 
HR 
Figure 3.12 (a) The H1'-H27H2' ' region of DQF-COSY and (b) HSQC 
spectra of 5'-G(Sp) at 25 °C showing the assignments of the sugar H27H2" and the 
backbone phosphate connected to the 3 '-end of the nucleotide, respectively. Owing 
to the presence of Spl and Sp2 isomers, two sets of A3 and 
Sp5 were observed in the DQF-COSY spectrum where as two sets of G4 and Sp5 
signals were observed in the HSQC spectrum. 
3,2J 5�T(oG) Sample 
The aromatic proton and H I ' signals were sequentially assigned at 2 5 � C 
(Figure 3.13). Similar to 5'-G(oG), no sequential connectivity was found in oG5 
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8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 ppm 
Figure 3.13 NOE sequential assignment of 5'-T(oG) template after incorporation 
of dATP: aromatic proton and H1 ‘ signals at 25 °C. 
The imino proton signals of T7, G14, G16 and G9, and the amino proton 
signals of C8 ,C13 and C6 were assigned using WATERGATE-NOESY spectrum at 
0 °C (Figure 3.14). The observation of an additional imino signal slightly more 
upfield in the Watson-Crick base pair region suggested the presence of an oG.A base 
pair which probably belongs to oG5. The chemical shift of the imino signal 
suggested to be oG5 was consistent to H7 of oG involved in base pairing with A in 





13 ppm ppm 
Figure 3.14 NOE resonance assignment of 5'-T(oG) template after incorporation 
of dATP: imino proton signals at 0 °C. 
The signals of the sugar H27H2" and the backbone phosphorous connected 
to the 3 '-end of the nucleotide of all and to the nucleotides were assigned 
using DQF-COSY (Figure 3.15a) and 丨H-3丨P HSQC (Figure 3.15b), respectively. 
3 3 
3.2.5 5'-T(Sp) Sample 
Separation of the Spl and Sp2 diastereoisomers of 5'-T(Sp) was successful 
(Section 3.1). In both Spl and Sp2 samples, the aromatic protons and H I ' signals 
were sequentially assigned at 25 °C (Figure 3.16). Similar to 5'-G(Sp), no sequential 
connectivity was found for Sp5 because Sp does not contain an aromatic proton. 
3 4 
3.5 
4 u i 名 r 5 H 8 i r J o 2 c c J 
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H3, 
4.7 ppm 
Figure 3.15 (a) The H r - H 2 7 H 2 " region of DQF-COSY and (b) ^H-^'P HSQC 
spectra of 5'-T(oG) at 25 °C showing the assignments of the signals of the sugar 
H2' /H2" and the backbone phosphate connected to the 3'-end of the nucleotide, 
respectively. 
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8. 8.0 7.9 7.8 7.7 7.6 7.5 7.4 ppm 
Figure 3.16 NOE sequential assignment of (a) 5 '-T(Spl) and (b) 5'-T(Sp2) 
template after incorporation of dATP: aromatic proton and H T signals at 25 °C. 
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The imino proton signals of T7, G14, G16 and G9, and the amino proton 
signals of C8, C13 and C6 were assigned using WATERGATE-NOESY spectrum at 
0 °C (Figure 3.17). The observation of an additional imino signal in the Watson-
Crick base pair imino region suggested the presence of A17.T4 which probably 
belongs to T4. 
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Figure 3.17 NOE resonance assignment of (a) 5'-T(Spl) and (b) 5'-T(Sp2) 
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H1， 
6.2 6.0 5.8 5.6 5.4 5.2 ppm 
Hi-
Figure 3.18 The H r - H 2 7 H 2 " region of DQF-COSY spectra of (a) 5'-T(Spl) and 
(b) 5'-T(Sp2) at 25 °C showing the assignments of the signals of the sugar H27H2". 












The signals of the sugar H27H2" and the backbone phosphorous connected 
to the 3 '-end of the nucleotide of all and V^  to nucleotides were assigned using 
DQF-COSY (Figure 3.18) and ^H-^'P HSQC (Figure 3.19)，respectively. 
(a) ppm 1 ‘ (b) ppm 





Figure 3.19 The HSQC spectra of (a) 5'-T(Spl) and (b) 5'-T(Sp2) at 25 °C 
showing the assignments of the signals of the backbone phosphate connected to the 
3'-end of the nucleotide. 
3.3 Sugar Pucker Conformation 
To investigate the sugar puckering of the primer-template models, 21 ' was 
extracted using DQF-COSY according to the resonance assignment (Section 3.2). 
The %S of each nucleotide was calculated based on the S I ' . The results were 
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summarized in Table 3.1 and 3.2. It is observed that the %S of residues franking to 
the bulge is much lower than other resides in the stem region. 
To minimize the end fraying effect on the sugar pucker conformation, 21 ' of 
5'-T(Spl) and 5'-T(Sp2) was extracted from DQF-COSY performed at lower 
temperatures. %S-type values were calculated and the results summarized in Table 
3.2. At lower temperatures, %S of the aforementioned residues remains notably 
lower than those in the stem region. 
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Table 3.1 21 ' and %S of 5'-GG, 5'-G(oG), 5'-G(Sp) and 5'-T(oG) primer-
template models^ 
5'-GG 5'-G(oG) 5'-G(Sp) 5'-T(oG) 
丄N UClCUllUC 
2 1 ' o/oS 2 1 ' o/oS 2 1 ' o/oS 2 1 ' O/oS 
A1 14.2 76 14.1 75 14.2 76 13.8 70 
C2 14.5 81 14.5 81 14.4 79 14.6 78 
A3 14.9 87 14.7 84 14.0 73 14.2 79 
G/T4 14.9 87 14.6 83 13.6 
门9 
65 14.6 83 
G/oG 15.4 95 15.1 90 13.4 63 15.4 86 
/Sp5 /14.8 办 /86 
C6 14.1 75 13.6 67 12.2 . 4 4 13.8 67 
T7 15.4 95 15.5 97 15.1 90 15.4 97 
C8 14.9 87 15.0 89 14.7 84 14.9 86 
G9 15.4 95 15.1 90 15.0 89 15.7 98 
GIO 15.5 97 15.6 98 15.3 94 15.7 100 
A l l 15.4 95 15.3 94 15.2 92 15.3 98 
A 1 2 15.0 88 15.5 97 15.0 88 15.5 94 
C13 14.9 87 15.1 90 15.1 90 15.2 87 
G14 15.5 97 15.5 97 15.2 92 15.5 87 
A15 15.3 94 15.3 94 15.5 97 15.6 89 
G16 14.8 86 14.7 84 14.5 81 15.1 86 
C/A17 14.3 78 14.2 76 14.5 81 14.8 76 
The coupling constants (in Hz) were measured at 2 5 � C with a measurement uncertainty 
of 士0.2 Hz. %S = ( 2 1 9 . 4 ) / (15.7 - 9.4) x 100% where 21 ‘ = + ”出了.， 
Two well-resolved signals were observed for the this nucleotide in the Spl and Sp2 
isomers. 
4 0 




tide 25 ° C 1 5 � C 0°( 25 °< C 5°( 
2 1 ' O/oS 2 1 ' O/oS 2 1 ' %S 1 1 ' O/oS s r O/oS 
A1 13.8 70 13.8 70 13.6 67 13.7 68 13.7 68 
C2 14.5 81 14.5 81 14.7 84 14.4 79 14.6 83 
A3 14.2 76 b - b - 14.5 81 14.2 76 
T4 13.5 65 13.4 63 12.1 43 13.5 65 13.3 62 
Sp5 13.6 67 13.7 68 13.4 63 15.1 90 15.1 90 
C6 12 41 10.8 22 13.6 67 12 41 11.3 30 
T7 15.4 95 14.2 76 14.5 81 15.3 94 14.8 86 
C8 14.7 84 15 89 14.5 81 14.4 79 14.9 87 
G9 15.5 97 14.8 86 15.1 90 15.5 97 b -
GIO 15.5 97 b - b - 15.2 92 b -

















C13 14.8 86 15.4 95 b - 15 89 b -
G14 15.5 97 14.8 86 b - 15.5 97 h -
A15 15.1 90 15 89 b - 15.2 92 b -
G16 14.8 86 14.7 84 15 89 14.9 87 14.7 84 
A17 14.5 81 14.7 84 14.5 81 14.3 78 14.5 81 
a The coupling constants (in Hz) were measured at 25 °C with a measurement uncertainty 
of ±0.2 Hz. %S = ( 2 1 9 . 4 ) / (15.7 - 9.4) x 100% where 11' = + ”出,，.,. 
b The coupling constant was not measured because of severe peak overlap or low signal 
to noise ratio. 
3.4 Backbone Conformation 
To investigate the backbone conformation of the primer-template models, 
”m'p was extracted using ^H-^^P COSY according to resonance assignments 
(Section 3.2). The %Bi was calculated based on the V/zj-p and the results were 
summarized in Table 3.3. 
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Table 3.3 ”h3'p and %Bi of the primer-template models 口 
Nucl- 5'-GG 5'-G(oG) 5'-G(Sp) 5'-T(oG) 5'-T(Spl) 5'-T(Sp2) 
eotide o/oBi o/oBi %Bi ^JHS'P %Bi ”H3’P o/oBi ”H3’P %Bi 
Alp 4.8 60 4.7 61 
b 
- 4.5 64 5.1 56 4.7 61 
C2p 5.6 51 5.4 53 
b 
- 5.6 51 5.4 53 
b 
-
A3p 4.7 61 4.9 59 
b 
- 5.4 53 5.5 52 4.5 63 





- 5.0 57 4.8 60 









- 4.2 67 4.7 61 b -
T7p 4.7 61 4.9 59 
b 













G9p 4.9 59 5.4 53 
b 
- 5.9 48 4.9 59 4.8 60 
GlOp 4.5 63 4.9 59 
b 
- 4.5 63 4.4 64 4.8 60 
A l l p 6.1 45 6.3 43 
b 
- 5.6 51 5.9 47 6.0 46 
A12p 4.5 63 4.5 63 
b 













G14p 4.7 61 5.1 56 
b 
- 5.5 52 4.4 64 4.7 61 
A15p 4.3 66 5.0 57 
b 
- 5.0 57 4.5 63 4.4 64 
G16p 4.5 63 5.0 57 
b 
- 4.5 63 4.8 60 5.0 57 
measurement 
uncertainty of 土0.4 Hz. %Bi = (%3’p - 10.0) / (1.3 - 10.0) x 100%. 
The coupling constant was not measured because of severe peak overlap. 
Two well-resolved signals were observed for the this nucleotide in the Spl and Sp2 
isomers. 
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3.5 UV Melting 
In this study, UV melting has been performed in order to extract the 
thermodynamic parameters. The results summarized in Table 3.4 shows the effect of 
bulge or mismatch formation on the thermodynamic stability of the primer-template 
models. 
Table 3.4 Thermodynamics of the primer-template models 以 
Primer-
template 
Tm (°C) AH° (kcal/mol) AS�(cal/K-mol) AG°37 (kcal/mol) 
5'-GG 69.7 (0.2) -43.7 (0.4) -127.4(1.3) -4.2 (<0.1) 
5'-G(oG) 66.7 (0.2) -34.7(1.1) -102.3 (3.2) -3.0 (0.1) 
5'-G(Sp) 63.8 (0.5) -39.2(1.5) -116.3 (4.4) -3.1 (0.2) 
5'-T(oG) 60.6 (0.9) -35.2 (2.1) -105.5 (6.5) -2.5 (<0.1) 
5'-T(Spl) 59.6 (0.6) -33.4 (3.0) -100.4 (9.2) -2.3 (0.2) 
5'-T(Sp2) 59.0 (0.5) -32.7 (4.1) -98.5 (12.4) -2.2 (0.2) 
UV melting analyses were repeated at least three times for each sample. The 
average values and standard deviations were shown in parentheses. 
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Chapter Four: Effect of Spiroiminodihydantoin 
and 7'hydr0'8-0X0guanine on Primer-Template 
Structures 
4.1 Overview 
Based on the resonance assignment results (Section 3.2), we found that upon 
incorporation of dCTP opposite a 5 '-GX template, misalignment only occurred in the 
5'-G(Sp) template but not in 5'-GG and 5'-G(oG) templates. Upon incorporation of 
dATP opposite a 5'-T(Y) template, misalignment also occurred in 5'-T(Sp) template 
but not in 5'-T(oG) template, revealing the effect of Sp on the replicating site 
structure during DNA replication (Figure 4.1). 
dCTP、 A 
Primer ^ GAGC 
Template 5 ' - A C A G X C T C G ^ 
^ • G 
upstream downstream 
X = G / oG / Sp 
X = G 
X=oG 
X = Sp 
o c




G o G 
3,-C 




X = oG 
dATP、 A 
、 G A G C 一 
5'-ACAT Y C T C G ^ 
G 
Y = oG / Sp 




• S p 
Misaligned structure 
Figure 4.1 Upon incorporation of dCTP, misalignment was observed when X = 
Sp. Misalignment was also observed upon incorporation of dATP opposite the 5'-
T(Sp) template. 
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4.2 NMR Investigations of the Primer- Template Models 
In this study, high-resolution NMR spectroscopic investigations focusing on 
ID imino proton and 2D NOESY analyses were performed to probe the replicating 
site structures of 5 '-GG, 5'-G(oG) and 5'-G(Sp) after the incorporation of dCTP, 5'-
T(oG) and 5'-T(Sp) after the incorporation ofdATP. 
4,2.1 Incorporation of a dCTP Opposite a 5 -GG Template 
When dCTP was incorporated opposite the 5'-GG template, sequential G4 
H l ' - G 5 H8 and G5 H r - C 6 H6 NOEs were observed (Figure 4.2), suggesting no 
misaligned structure was formed at the replicating site. This was further supported 




17 16 15 14 13 A 
3 , - C G A G C 5.4 
5 ’ - A C A G G C T C G 。 a H I . 




7.9 7.8 7.7 7.6 PPm 
H6/H8 
Figure 4.2 The sequential NOE connectivities from G4 to G5 and from G5 to C6 
at 25 °C suggest no misalignment occurs at the replicating site of 5 ' -GG. 
A C17-G5 Watson-Crick base pair was formed as evidenced by the G5 imino 
signal at around 12.75 ppm (Figure 4.3a) and an NOE between G5 imino and CI7 
amino protons (Figure 4,3b) at 5 ®C. This newly formed base pair was fairly stable. 
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This was supported by the fact that the G5 imino signal remained observable at 15 






(b) G5 imino 
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u i . 





14.0 13.5 13.0 12.5 ppm 
imino 
12.75 ppm 
Figure 4.3 The presence of (a) G5 imino signal, and (b) G5 imino-C17 amino 
NOEs at 5 °C, indicate the formation of C17.G5 Watson-Crick base pair. 
For the primer-template structure of 5'-GG, all bases in the double-helical 
stem region adopt an and glycosidic orientation with respect to their sugar rings as 
evidenced by their intranucleotide H8/H6-H1' NOEs with intensities weaker than 
that of cytosine H5-H6 NOEs (Figure 3.3) (67). All nucleotides were found to have 
the %S value above 75% (Table 3.1). Excluding the GAA loop, the percentage 
populations of B, conformation (%B,) of all phosphate groups in the double-helical 
stem region were found to vary slightly within 51-66% (Table 3.3), indicating no 
abrupt change in the backbone conformation of the stem region. 
422 Incorporation of a dCTP Opposite a5^-G(oG) Template 
A sequential oG5 H l ' - C 6 H6 NOE was observed in the 2D NOESY 
fingerprint region (Figure 4.4). It overlapped with the G16 H r - G 1 6 H8 NOE at 25 






















The presence of oG5 imino signal, (b) Imino-C17 ami 








Figure 4.5 (a) 
proton NOEs at 5 
5'-G(oG). 
is important as it eliminates the possibility of a misaligned structure with an oG-
bulge. 
ppm 25。C oG5H1. 
5.7- I -G6H6 
I G I G H I ' ^ A 













7.6 ppm 7.8 7.7 7.6 ppr 
H6/H8 
Figure 4.4 A sequential oG5 HI - C 6 H6 NOE, partially overlapped with G16 
H I G 1 6 H8 NOE, was observed at 2 5 � C and better resolved at 5 � C . 
Moreover, a C17.oG5 Watson-Crick base pair was formed as evidenced by 
an oG5 imino signal at around 12.9 ppm (Figure 4.5a). Although the oG5 imino 
signal was seriously overlapped with the G14 imino signal at 5, 15 and 25 °C, the 
imino and CI7 amino proton NOEs in the WATERGATE-NOESY spectrum at 5 °C 
(Figure 4.5b) supported the presence of the oG5 imino signal, and thus the C17-oG5 
Watson-Crick base pair. 
(a) G14 “ 
voG5 oG5 imino 
(y 
3 
All sugar puckers were found to be predominantly in the S-state and the %S 
value of each sugar was very close to that observed in 5'-GG (Table 3.1). In 
addition, the %B, values of all phosphate groups in 5'-G(oG) were similar to those 
observed in 5'-GG (Table 3.3), indicating that both primer-templates have similar 
backbone conformations. 
423 Incorporation of a dCTP Opposite a 5'-G(Sp) Template 
When dCTP was incorporated opposite the 5'-G(Sp) template, instead of 
interacting with Sp, the dCTP paired with the upstream G, resulting in a misaligned 
structure with a Sp-bulge and a terminal C17-G4 Watson-Crick base pair. The 
unusual G4 H1 ' -C6 H6 NOE, evidenced that G4 and C6 were close in space (Figure 
4.6). 
12 
17 16 15 14 13 A 
3,-C G A G C 
5，-AC A G C T C G ? i i 
















7.9 7.8 7.7 7.6 ppm 
H6/H8 
Figure 4.6 The presence of unusual G4 H1 ' -C6 H6 NOEs in 5'-G(Sp) at 25 °C. 
Owing to the presence of Spl and Sp2 diastereoisomers in 5'-G(Sp), two G4 
HI ' -C6 H6 NOEs were observed. In addition, the presence of two overlapping G4 
imino signals (Figure 4.7a) and two sets of NOEs between the G4 imino-overlapped 
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CI 7 amino protons (Figure 4.7b) indicated the formation of a C17.G4 Watson-Crick 
base pair, confirming the misaligned structures with a Sp-bulge and a closing C17.G4 
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Figure 4.7 The presence of (a) G4 imino signal, and (b) G4 imino-C17 amino 
NOEs at 5 indicate the formation of Watson-Crick C17 G4 base pair. The 
asymmetrical shape of these NOEs was due to the overlapping of two sets of G4 
imino-C17 amino NOEs. 
All bases in the double-helical stem region of 5'-G(Sp) also adopt an anti 
glycosidic orientation with respect to their sugar rings as evidenced by their 
intranucleotide H8/H6-H1' NOEs with intensities weaker than that of cytosine H5-
H6 NOEs (Figure 3.10). However, the sugar puckers near the bulge region, i.e. G4 
and C6, were different from those of 5'-GG and 5'-G(oG). The %S values of G4 and 
C6 were at least 20% smaller (Table 3.1). On the contrary, the backbone 
conformations of near the replicating sites of 5'-GG, 5'-G(oG) and 5'-G(Sp) were 
similar (Table 3.3). 
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4,2 J Incorporation of a dATP Opposite a 5 '-T(oG) Template 
Incorporation of dATP opposite the 5'-T(oG) template, a sequential oG5 
H1 ' -C6 H6 NOE observed in the 2D NOESY fingerprint region eliminated the 
possibility of bulge formation (Figure 4.8a). An oG5 imino signal appeared slightly 
upfield to Watson-Crick base pair imino region suggested the formation of A17-oG5 
base pair (Figure 4.8b). The sugar puckers of all nucleotides were very similar to 
those observed in 5'-GG and 5'-G(oG) (Table 3.1). No abrupt changes in backbone 
conformations have been observed as %B| of all phosphate groups in the stem region 
were found to vary slightly between 48 and 67% (Table 3.3). 
12 
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5’-ACA T o G C T C G 























Figure 4.8 (a) A sequential oG5 Hr—C6 H6 NOE, was observed at 25 (b) 
The presence of an oG5 imino signal (indicated by red arrow) at lower temperatures 
suggests the formation of A 17.oG5 base pair. 
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4,2,5 Incorporation of a dATP Opposite a 5'-T(Sp) Template 
When dATP was incorporated opposite the 5'-T(Sp) template, instead of 
interacting with Sp, the dATP paired with the upstream T, resulting in a misaligned 
structure with a Sp-bulge and a terminal A17.T4 Watson-Crick base pair. This was 
evidenced by the unusual 丁4 HI'—C6 H6 NOE in both the Spl and Sp2 isomers 
(Figure 4.9), indicating T4 and C6 were close in space. 
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Figure 4.9 The presence of unusual T4 H r - C 6 H6 NOEs in the (a) Spl and (b) 
Sp2 isomers of 5'-T(Sp) at 2 5 � C . 
By reducing the imino proton exchange rate at lower temperatures, an 
additional imino signal probably from T4 of A17.T4 base pair appeared in the 
Watson-Crick base pair imino region (Figure 4.10). All bases in the double-helical 
stem region of 5'-T(Sp) also adopt an anti glycosidic orientation with respect to their 
sugar rings as evidenced by their intranucleotide H8/H6-H1' NOEs with intensities 
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Figure 4.10 The presence of a T4 imino signal (indicated by red arrow) in the 
jump-return spectra at lower temperatures in both the (a) Spl and (b) Sp2 isomers 
suggests the formation of Watson-Crick A17 T4 base pair. 
The %S values of T4 and C6, which were near the Sp bulge, were also at least 
20% smaller when compared to those of the primer-templates without misalignment 
(Table 3.2). For the backbone conformation of 5'-T(Sp), the %B, values of all 
phosphate groups in the stem region were found to vary slightly within 48-64% 
(Table 3.3)，indicating no abrupt change in the backbone conformation of the stem 
region. 
4J Effect of Sp and oG on Primer-Template Structures 
43.1 Misaligned Structure with a Sp-Bulge 
Our NMR investigations have revealed that misalignment occurs upon 
incorporation of dCTP opposite the 5'-G(Sp) template and upon incorporation of 
dATP opposite the 5'-T(Sp) template, leading to the formation of Sp-bulge and a 
terminal Watson-Crick base pair. These structural findings are similar to previous 
observations on misaligned structures with a T-bulge (54, 55) or C-bulge (5(5) in 
pyrimidine templates. When the terminal base pair is O G , only the misaligned 
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conformer is observed, this resembles previous findings. However, when the 
terminal base is A T, instead of observing a rapid exchange between the misaligned 
and mismatched conformer in the aforementioned studies, a misaligned conformer is 
found. This suggests that the stability of misaligned conformer of 5'-T(Sp) sample is 
relatively lower than its mismatched conformation. 
The formations of the misaligned structure in 5'-G(Sp) and 5'-T(Sp) suggest 
that the stabilization gained by the formations of the terminal C G and T-A Watson-
Crick base pair, respectively, outweigh the destabilizing effect of the Sp-bulge. 
These were supported by the observed similar thermodynamic stabilities between 5'-
G(oG) and 5'-G(Sp), 5'-T(oG) and 5'-T(Sp), respectively (Section 3.5). 
Furthermore, the thermodynamic stability of the misaligned 5'-T(Sp) was found to be 
around 0.8-0.9 kcal/mol lower than that of 5'-G(Sp), probably due to the difference 
in stabilities of the terminal A T and C G base pairs and the stacking energies with 
their flanking base pairs. In addition, owing to the fact that the two rings of Sp being 
perpendicular to each other will disturb base stacking (37), the presence of the C.Sp 
or A.Sp mispair in the mismatched conformer is less favourable. Thus the 
misaligned structure is more stable than the mismatched conformer. 
In the misaligned structures of 5'-G(Sp) and 5'-T(Sp), the %S values for the 
sugars of G4/T4 and C6 were found to be much smaller than the values of other 
nucleotides whereas the %Bi values for the backbone phosphate varied only slightly. 
These suggest that the formation of Sp-bulge was accompanied predominantly by the 
change of the sugar puckers flanking the Sp-bulge. The major structural differences 
between the Spl and Sp2 diastereoisomers of 5'-G(Sp) and 5'-T(Sp) were found in 
the sugar puckers of the Sp-bulges. The differences in the %S values were larger 
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than 20% and these were probably due to the difference in the steric effect of the Spl 
and Sp2-bulges. 
432 C.oG Base Pair in 5�G(oG) 
Upon incorporation of dCTP opposite the 5'-G(oG) template, no misalignment 
was observed. Instead, a terminal C.oG Watson-Crick base pair was formed. This 
result agrees with a previous NMR finding that C.oG base pair adopts the Watson-
Crick pairing mode in the stem region of a double-helix (78). Since oxidation of G to 
oG occurs at the C8 position, which is not involved in the hydrogen bonding of the 
Watson-Crick base pair, the C.oG Watson-Crick base pair is retained in 5'-G(oG) 
and thus, strand slippage is avoided. 
4,3,3 Biological Implications 
In this study, we have determined the replicating site structures of primer-
template models containing 5'-GG, 5'-G(oG), 5'-G(Sp), 5'-T(oG) and 5'-T(Sp) 
templates, respectively. Our findings show that upon incorporation of dCTP to these 
templates, primer-template slippage occurs only in 5'-G(Sp), but not in 5'-GG and 
5'-G(oG) templates, leading to a misaligned structure with a Sp-bulge and a terminal 
C G Watson-Crick base pair. Upon incorporation of dATP to 5'-T(Sp) template, 
primer-template slippage also occurs, but not in 5'-T(oG) template, resulting in a Sp-
bulge and a terminal A T Watson-Crick base pair. If the template is not repaired and 
DNA replication continues, subsequent incorporation of dNTPs will lead to 1-base 
pair deletion in the newly synthesized DNA strand. 
On the other hand, oxidation of G to oG does not increase the formation 
propensity of misaligned primer-template structure, indicating that strand slippage 
- 5 4 -
and thus deletion error are less likely to occur in templates containing oG than Sp. 
Our structural results provide insights into the observed differences in mutagenicity 
of oG and Sp during DNA replication. The findings of strand slippage in 5'-G(Sp) 
and 5'-T(Sp) coincide with the observation of 1-base pair deletion in G-rich 
sequences under oxidative stress and Sp-containing DNA {17, 79, 80), further 
supporting the positive correlation between oxidative stress and frameshift mutation 
(8iy 
Since individual DNA polymerases are likely to interact with primer-
template differently, the extent to which these structures occur in DNA polymerases 
may also depend upon the specific polymerase in question. To investigate the 
mechanistic pathways for the occurrence of mutations during DNA replication, 
further investigation is needed to determine whether misalignment occurs on a time 
scale faster than the rate at which a second nucleotide is incorporated. 
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Chapter Five: Preliminary Structural Calculations on 
Primer-Template Structures 
To visualize and gain further insight on the primer-template structures, 
restrained molecular dynamics were performed for 5'-GG, 5'-G(oG), 5'-T(oG), 5'-
T(Spl) and 5'-T(Sp2) samples. 
5,1 Experimental Restraints Extraction 
Interproton distance restraints were extracted from 2D NOESY with mixing 
time of 100，200 and 300 ms, respectively except for 5'-T(oG) in which NOESY was 
only performed with 300 ms mixing time. They were defined semi-quantitatively 
using cytosine H5-H6 as a reference, as very strong (1.8-3.0 A), strong (2.0-4.0 入)， 
medium (3.0-5.0 A), weak (3.5-5.5 A), very weak (4.0-6.0 A) and overlapped (1.8-
6.0 A). Distance involving labile protons was evaluated in the WATERGATE-
N O E S Y with a mixing time of 300 ms. A range of 1.8-6.0 A was assigned to those 
NOEs. 
Torsion angle restraints for the backbone a and (3 torsion angles were 
assigned in the range of B conformation in the stem region. Torsion angle 9 was 
calculated using the Karplus equation {62)\ 
^Jh3'p= 15.3cos^e-6.1cose+ 1.6 (5.1) 
Torsion angle e was then calculated from torsion angle 6 through the equation 
((52): 
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8 = - e - 120° (5.2) 
Torsion angle ^ was derived from the torsion angle e by the following 
equation {62)\ 
^ = - 3 1 7 - 1.238 (5.3) 
Torsion angle e was applied to all nucleotides whereas torsion angle ^ was 
only applied to the stem region because equation (5.3) was derived from crystal 
structures of various duplexes. Restraints of torsion angle 8 and ^ were applied by 
adding ±30°. 
Pseudorotation phase angle restraints for the sugar pucker were extracted 
according to the %S found from the extraction of 21 ' . For those nucleotides with 
%S-type values larger than 80%, restraints of B-DNA in south state were employed 
and vice versa, ^m m' and (|)HrH2" torsion angles were also calculated from ^Jhi 'hi ' 
and J^hi'H2" with the following equation {82)\ 
^JHl'H2-orHl'H2'-= 10.2cOS (^t) - O.SCOS^ (5.4) 
and were applied as torsion angle restraints by adding ±30°. 
Watson-Crick base pair distance and angle restraints were applied for 
residues with imino protons assigned in the Watson-Crick base pair region. Distance 
restraints according to {83) were applied by adding ± 0.15 A. For G.C Watson-Crick 
base pair，angle restraint in the range of 170° to 190° was applied to C N3-G Hl -G 
N l , C 02-G H21-G N2 and C N4-C H41-G 0 6 angles whereas for A T Watson-
Crick base pair, the same range was applied to T N3-T H3-AN1 and T 04-A H61-A 
N6 angles. 
Sheared G.A base pair distance and angle restraints were applied between 
GIO and A12 residues. Distance restraints were derived from the restraints file of 
structure IPQT from the Biological Magnetic Resonance Bank. An additional 
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distance restraint {84) measured from Protein Data Bank structure IPQT, 2.14 ± 0.15 
人 was applied between A12 H61 and G i l 0 4 ' . Angle restraints measured from 
Protein Data Bank structure IPQT for the three hydrogen bonds {84) were also 
applied by adding ± 10�. The applied angle restraints were 168.8°, 158.2�and 127.3° 
for GIO N2-G10 H22-A12 N7, GIO N3-A12 H62-A12 N6 and GIO 04'-A12 H61-
A12 N6 angles, respectively. 
5.2 Experimental Restraints Distribution 
The statistics of restraints extracted according to Section 5.1 of 5'-GG, 5'-
G(oG), 5'-T(oG), 5'-T(Spl) and 5'-T(Sp2) samples are listed in Table 5.1. The 
distribution of the restraints is shown in Figure 5.1. 
Table 5.1 Restraints statistics 
5'-GG 5'-G(oG) 5'-T(oG) 5'-T(Spl) 5'-T(Sp2) 
Interresidue distance 150 125 106 126 118 
Intraresidue distance 192 180 166 158 151 
Torsion angle 139 140 140 126 127 
Angle 17 17 14 16 16 
Total 498 462 426 426 412 
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Figure 5.1 A schematic diagram showing the distribution of (i) distance, (ii) 
torsion angle and angle restraints in all calculated structures. The Arabic numerals 
with larger font size are the residue numbers and the smaller ones convey the number 
of restraints. In (i), the numbers close to the residue numbers are the respective 
intraresidue restraints while those close to the lines are interresidue restraints of the 
residues at the end of the lines. In (ii), angle restraints are shown in italic while the 
rest are torsion angle restraints. Three additional distance restraints have been added 
between residue 1 and 17 in 5'-GG (not shown in Figure) to eliminate structures that 
did not agree with experimental findings. 
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5.3 Structural Calculations 
Restrained molecular dynamics were performed with AMBER 9.0 package 
{85) for 5'-GG，5'-G(oG), 5'-T(oG), 5'-T(Spl) and 5'-T(Sp2) samples. DNA strand 
containing oG, Sp R and Sp S were constructed with SYBYL (56). The constructed 
DNA strands with Sp and Sp were named as 5'-T(SpR) and 5'-T(SpS), 
respectively. The force field parameters of Sp and oG were derived from the 
literature (37, 87). 
A-form and B-form DNA duplexes were generated with nucgen in AMBER 
9.0 package and the Protein Data Bank file was manually modified to link up the 
loop region and crop off the unwanted sequence. To avoid bad contacts, these 
structures were being minimized until the root-mean-square of the Cartesian 
elements of the gradient is less than 0.1 kcal moriA.i. These structures were then 
subjected to restrained molecular dynamics. The non-bonding cutoff was 9 A. 
Hawkins, Cramer, Truhlar pairwise generalized Born term was activated. 0.15 M 
salt concentration was applied by the modification of generalized Born theory based 
on the Debye-Huckel limiting law. Afterwards, restrained energy minimization was 
applied until the root-mean-square of the Cartesian elements of the gradient was less 
than 0.1 kcal mol ' A N o less than 5 structures were calculated from each of the 
starting structures with different random seeds. Five converged structures were 
selected from each of the starting structures with the lowest energies and no 
significant distance (>0.5 A), angle and torsion angle (>5°) violations. Overall 
average pairwise heavy atoms RMSD of all residues excluding the overhang of the 
calculated structures were analyzed with VMD 1.8.7 (88). 
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Initial structures of 5'-GG were heated from 300 K to 4000 K in 5 ps. The 
system was kept at 4000 K for 95 ps. It was then cooled to 300 K for 50 ps and 
subsequently allowed to equilibrate at 300 K for 50 ps. The restraints weighting was 
increased from 0 to 1 in 50 ps and then kept at 1 for 125 ps. It was being lowered to 
0.5 for 12.5 ps and then kept at 0.5 for 12.5 ps. Force constants for distance and 
angle restraints were 30 kcal mor^A'' and 20 kcal morVad"\ respectively. Torsion 
angle force constant was 500 kcal mol Vad 
Initial structures of 5'-T(oG) were heated from 300 K to 4000 K in 5 ps. The 
system was kept at 4000 K for 95 ps. It was then cooled to 300 K for 50 ps and 
subsequently allowed to equilibrate at 300 K for 50 ps. The restraints weighting was 
increased from 0 to 1 in 50 ps and then kept at 1 for 125 ps. It was being lowered to 
0.5 for 12.5 ps and then kept at 0.5 for 12.5 ps. Force constant for base pairing 
distance restraints was increased to 500 kcal mol'^A'^ to reduce random violations. 
Force constants for distance and angle restraints were 20 kcal mor'A'^ and kcal mor 
irad—i，respectively. Torsion angle force constant was 500 kcal mol'Vad'^. 
Initial structures of 5'-G(oG), 5'-T(SpR) and 5'-T(SpS) were heated from 
300 K to 4000 K in 5 ps. The system was kept at 4000 K for 95 ps. They were then 
cooled to 300 K for 50 ps and subsequently allowed to equilibrate at 300 K for 50 ps. 
The restraints weighting was increased from 0 to 1 in 50 ps and then kept at 1 for 125 
ps. It was being lowered to 0.5 for 12.5 ps and then kept at 0.5 for 12.5 ps. Force 
constant for base pairing distance restraints was reduced to 10 kcal mol'^A'^ in order 
to prevent the system from being trapped in a local minimum. Force constant for the 
rest of distance and angle restraints was increased to 1000 kcal mol 'A ' and kcal mol" 
respectively. Torsion angle force constant was 2000 kcal mol V a d F o r c e 
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constants for distance, angle and torsion angle restraints were increased to reduce the 
random violations. 
5.4 Structural Results 
Violations summary, energies and RMSD of all calculated structures are 
shown in Table 5.2. 
Table 5.2 Summary of violations, energies and RMSDa. 
5'-GG Overall energies (kcal mol'^) -3860 ± 10 
No. of violations > 0.5 A 0 
No. of violations > 5° 0 
Average pairwise RMSD of to 17出 residue (A) 1.1 士 0.2 
5'-G(oG) Overall energies (kcal mol"') -3880 ± 2 0 
No. of violations > 0.5 A 0 
No. of violations > 5 ° 0 
Average pairwise RMSD of 5出 to 1 f ^ residue (A) 1.2 士 0.1 
5'-T(oG) Overall energies (kcal mol]) 
No. of violations > 0.5 人 
No. of violations > 5° 
Average pairwise RMSD of to 17出 residue (A) 
5 ' - T ( S p R ) O v e r a l l energies (kcal mol] ) 
No. of violations > 0.5 A 
No. of violations > 5° 




1 . 2 士 0 . 1 
-3770 ± 10' (-3803 士 8)( 
Qb (0)c 
Ob (0)c 
1 . 5 土 0.3b 士 
5'-T(SpS) Overall energies (kcal mol ) -3750 ± lO'' (-3791 ± 5 ) ' 
No. of violations > 0.5 A Qb (0)� 
No. of violations >5� (0)� 
Average pairwise RMSD of 4出 to residue (A) 1.5 士 0.2匕(1.9 士 0 .7)� 
a The best 5 structures from each of the initial structures were being evaluated, 
b These values were obtained from structures calculated with 5 '-T(Spl) restraints, 
c These values were obtained from structures calculated with 5'-T(Sp2) restraints. 
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5.4J 5'-GG 
The refined structures shown in Figure 5.2 reveal the absence of slipped 
structure and the formation of a G.C Watson-Crick base pair at the terminal position 
between residue 5 and 17. 
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Figure 5.2 (a) View of the superimposed final 10 refined structures of 5'-GG 
determined by restrained molecular dynamics. The residue, terminal and 
penultimate base pairs are shown in (b), the superimposed final 10 refined structures 




The refined structures shown in Figure 5.3 reveal the absence of slipped 
structure and the formation of an oG.C Watson-Crick base pair at the terminal 
position between residue 5 and 17. 
Figure 5.3 (a) View of the superimposed final 10 refined structures of 5'-G(oG) 
determined by restrained molecular dynamics. The residue, terminal and 
penultimate base pairs are shown in (b), the superimposed final 10 refined structures 
and (c), the structure with the lowest energy. 
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The refined structures shown in 
structure and the formation of an oG A 
residue 5 and 17. 
Figure 5.4 reveal the absence of slipped 
base pair at the terminal position between 
. i 
讀! ^ ^众 
3'- A G A G C 
5 - A C A C T C G 
// � H - ’ � V \ . J L N- i - V ‘ • 
(b) 
G16 
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. r^ ^ ；, 
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Figure 5.4 (a) View of the superimposed final 10 refined structures of 5'-T(oG) 
determined by restrained molecular dynamics. The residue, terminal and 
penultimate base pairs are shown in (b), the superimposed final 10 refined structures 
and (c), the structure with the lowest energy. 
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5丄4 5 '-T(SpR) with 5'-T(Spl) Restraints 
The refined structures shown in Figure 5.5 reveal the presence of slipped 
structure, Sp-bulge in the residue and the formation of a T.A Watson-Crick base 
pair at the terminal position between residue 4 and 17. 
(a) 
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Figure 5.5 (a) View of the superimposed final 10 refined structures of 5'-T(SpR) 
with 5'-T(Spl) restraints determined by restrained molecular dynamics. The residue 
of bulge formation and its flanking base pairs are shown in (b), the superimposed 
final 10 refined structures and (c), the structure with the lowest energy. 
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5J.5 5 ''T(SpR) with 5'-T(Sp2) Restraints 
The refined structures shown in Figure 5.6 demonstrate similar findings in 
Section 5.4.4 as slippage, Sp-bulge in the residue and a T.A Watson-Crick base 
pair at the terminal position between residue 4 and 17 have been observed. 
Figure 5.6 (a) View of the superimposed final 10 refined structures of 5'-T(SpR) 
with 5'-T(Sp2) restraints determined by restrained molecular dynamics. The residue 
of bulge formation and its flanking base pairs are shown in (b), the superimposed 
final 10 refined structures and (c), the structure with the lowest energy. 
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5.4.6 ''T(SpS) with 5'-T(Spl) Restraints 
The refined structures shown in Figure 5.7 demonstrate similar findings in 5'-
T(SpR) as slippage, Sp-bulge in the residue and a T.A Watson-Crick base pair at 
the terminal position between residue 4 and 17 have been observed. 
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Figure 5.7 (a) View of the superimposed final 10 refined structures of 5'-T(SpS) 
with 5'-T(Spl) restraints determined by restrained molecular dynamics. The residue 
of bulge formation and its flanking base pairs are shown in (b)，the superimposed 
final 10 refined structures and (c), the structure with the lowest energy. 
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5,4.7 •T(SpS) with 5'-T(Sp2) Restraints 
The refined structures shown in Figure 5.8 demonstrate similar findings in the 
above structures with Sp in residue 5 as slippage, Sp-bulge and a T A Watson-Crick 
base pair at the terminal position between residue 4 and 17 have been observed. 
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Figure 5.8 (a) View of the superimposed final 10 refined structures of 5'-T(SpS) 
with 5'-T(Sp2) restraints determined by restrained molecular dynamics. The residue 
of bulge formation and its flanking base pairs are shown in (b), the superimposed 
final 10 refined structures and (c), the structure with the lowest energy. 
69 
5.6 Structural Analysis 
In all cases, only one family of structures was observed. GAA loop was 
observed in the to residues while double helical stem region was also found 
in the to and to residues in all calculated structures. Extra-helical 
bulge formation and slippage were observed in residue 5 in 5'-T(SpR) and 5'-T(SpS) 
with either 5'-T(Spl) and 5'-T(Sp2) restraints (Figure 5.5 to 5.8) whereas no 
slippage was observed in 5'-GG, 5'-G(oG) and 5'-T(oG) (Figure 5.2 to 5.4). 
These observations agree with the NMR investigations that NOEs have been 
observed between the and residues in 5'-T(Spl) and 5'-T(Sp2) and not in 5'-
GG, 5'-G(oG) and 5'-T(oG). Terminal base pair was observed between the 5*卜 and 
17th residue in 5'-GG, 5'-G(oG) and 5'-T(oG). When slippage occurred, terminal 
base pair was observed between the and 17th residue. The residue in 5'-T(SpR) 
and 5'-T(SpS) with either 5'-T(Spl) and 5'-T(Sp2) restraints and residues in the 
overhang region of all the calculated structures were found to have a lower RMSD 
than those in the stem and loop region likely due to the fewer internucleotide distance 
restraints (Figure 5.1) or the intrinsic flexibility in the region. The observations of 
one family of structures coincide with the structural findings that only one major 
conformation exists in all cases. 
From the experimental results, Spl and Sp2 could not be diastereospecifically 
assigned to either Sp R or Sp S by analyzing the severity of violations or the overall 
energy of the structures. The absence of non-labile protons on Sp residue lowered 
the amount of experimental restraints. Less well-defined local structures would 
result and the differences in conformation due to the diastereospecificity might not be 
revealed by experimental observations. 
7 0 
All in all, the findings from structural calculations further support that Sp can 
lead to misaligned structures while no slippage is observed in G and oG in the current 
primer-template sequence context. 
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Chapter Six: Conclusions and Future Work 
Our results show that strand slippage occurs in both the 5'-G(Sp) and 5'-
T(Sp) templates upon incorporation of a dCTP and dATP, respectively, suggesting a 
possible pathway for the occurrence of 1-base pair deletion during DNA replication 
and providing insights into the observed differences in mutagenicity of Sp and oG. 
Additional NMR investigations on the primer-template models mimicking 
further incorporation may shed light on the replicating site structures when DNA 
replication continues. Study on Sp.A and Sp-G base pairing mode and 
thermodynamic stability in DNA double helical structures may reveal the possible 
reasons for the preferred incorporation of A and G {14, 16), respectively by low 
fidelity DNA polymerases during DNA replication. 
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Appendix A summary of proton chemical shifts (in ppm) of 5 '-G(Sp). 
Nucleo- H2/H5/H7 H6/H8 H r H2' H 2 " H3' H1/H3/ 
tide H41/H42^ 







1.506 1.958 4.549 d 









G4 - 7.891 6.133 2.931 2.670 5.078， 
5.132� 
12.553 























2.210 2.566 4.882 13.989, 
14.018' 
C8 5.713 7.258 5.713 1.541 2.109 4.763 8.670/7.124 
G9 - 7.225 5.816 1.947 2.148 4.829 12.663 
GIO - 8.038 5.084 2.717 2.509 4.883 10.651 
A l l 8.067 8.092 5.877 2.258 2.258 4.568 -
A12 8.059 7.984 6.224 3.115 2.909 4.806 -
C13 5.832 7.590 5.006 2.128 2.232 4.763 8.493/7.027 




2.735 2.818 5.045 12.849 
A15 7.687, 
7.695� 
8.106 6.162 2.719 2.956 5.067 -












2.227 2.280 4.530 7.893/6.453 
a The chemical shifts were measured at 25 °C with an uncertainty of ±0.002 ppm. 
b These chemical shifts were measured at 5 °C. 
e Two well-resolved signals were observed for this nucleotide, which belong to Spl 
and Sp2 isomers, respectively, 
d The signals of these protons were not observed due to rapid exchanging with water. 
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